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1
POSITIVE ELECTRODE ACTIVE MATERIAL,
POSITIVE ELECTRODE FOR ELECTRICAL
DEVICE, AND ELECTRICAL DEVICE

TECHNICAL FIELD

The present invention relates to a positive electrode active
material, a positive electrode for an electric device, and an
electric device.

More specifically, the electric device according to the
present invention is suitably used as an electric device for a
vehicle such as an electric vehicle, a fuel cell vehicle and a
hybrid electric vehicle. Additionally, in normal cases, the
positive electrode active material according to the present
invention is suitably used as a positive electrode active mate-
rial for a lithium ion secondary battery or a lithium ion capaci-
tor serving as the electric device.

BACKGROUND OF THE INVENTION

To cope with the problems caused by air pollution and
global warming, reducing the carbon dioxide emission is
desperately needed in recent days. The automobile industry
focuses on introduction of an electric vehicle (EV) or a hybrid
electric vehicle (HEV) to reduce the carbon dioxide emission.
In this connection, an electrical device like a secondary bat-
tery for driving a motor, which is a key element for commer-
cialization of such vehicles, is actively developed.

As the secondary battery for driving a motor, a lithium ion
secondary battery having a high theoretical energy has been
getting an attention and has been actively developed in these
days. The lithium ion secondary battery generally has a con-
stitution where a positive electrode formed by applying a
slurry for a positive electrode containing a positive electrode
active material to the surface of a collector, a negative elec-
trode formed by applying a slurry for a negative electrode
containing a negative electrode active material to the surface
of the collector, and an electrolyte disposed between the
positive and negative electrodes are housed in a battery cas-
ing.

For the improvements of capacity characteristics and out-
put characteristics of the lithium ion secondary battery, the
choice of each active material is critically important.

Conventionally, there has been proposed a cathode com-
position for a lithium ion battery, represented by a formula (a)
Liy[Ml(l_b)Mnb]O2 or (b) Lix[Ml(l_b)Mnb]Ol_5+c (In the for-
mula, O=y<1, 0<b<l and 0<c<0.5 and M represents one or
more kinds of metal elements; however, in the case of (a), M*
represents a metal element other than chromium), the com-
position being in a form of'a single phase having an O3 crystal
structure that does not undergo a phase transformation to a
spinel crystal structure when incorporated in a lithium ion
battery and cycled for 100 full charge-discharge cycles at 30°
C. and a final capacity of 130 mAh/g using a discharge current
of 30 mA/g (see Patent Document 1).

However, the present inventors studied it and found it bear-
ing a problem that, even in a lithium ion battery using the
cathode composition for a lithium ion battery discussed in
Patent Document 1, the discharge capacity, the discharge
operating voltage and the initial rate characteristic are not
enough.

The present invention is provided in view of the problems
that the conventional technique has, the object of which is to
provide a positive electrode active material, a positive elec-
trode for an electric device, and an electric device, all of
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which make it possible to achieve excellent discharge oper-
ating voltage and initial rate characteristic while maintaining
a high discharge capacity.

REFERENCES ABOUT PRIOR ART

Patent Documents
Patent Document 1: Japanese Patent Application Publica-
tion No. 2004-538610

SUMMARY OF THE INVENTION

The present inventors eagerly made studies for carrying out
the above object. As a result, they found that the above object
can become feasible by giving a constitution containing a
solid solution lithium-containing transition metal oxide (A)
and a lithium-containing transition metal oxide (B) repre-
sented by specified compositional formulas, thereby reaching
the completion of the present invention.

More specifically, a positive electrode active material
according to the present invention is a positive electrode
active material containing a solid solution lithium-containing
transition metal oxide (A) and a lithium-containing transition
metal oxide (B).

The solid solution lithium-containing transition metal
oxide (A) contained in the positive electrode active material
of the present invention is represented by a compositional
formula (1)

Lij 5[Ni;Co,Mn,[Li]4]O04 M

(In the formula (1), Li is lithium, Ni is nickel, Co is cobalt,
Mn is manganese and O represents oxygen while a, b, c and d
satisfy the relations of 0.2=a=<0.7, 0<b<0.7, 0<c<l1.15,
0.15=d=<0.4, a+b+c+d=1.5, 1.1=a+b+c=1.35, and O<b/a<l.).

Furthermore, the lithium-containing transition metal oxide
(B) contained in the positive electrode active material of the
present invention is represented by a compositional formula
@

Li; oNi,Co,Mn, O, )

(In the formula (2), Li is lithium, Ni is nickel, Co is cobalt,
Mn is manganese and O represents oxygen while a', b' and ¢'
satisfy the relations of 0<a'<1.0, 0<b'<1.0, 0<c'<1.0, and
a'+b'+c'=1.0.).

Moreover, a positive electrode for an electric device of the
present invention contains the positive electrode active mate-
rial as discussed in the above invention.

Furthermore, an electric device of the present invention
contains the above-mentioned positive electrode for an elec-
tric device.

According to the present invention, it becomes possible to
provide a positive electrode active material, a positive elec-
trode for an electric device, and an electric device, all of
which make it possible to achieve excellent discharge oper-
ating voltage and initial rate characteristic while maintaining
a high discharge capacity.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 A graph for explaining the definition of a spinel
structure change ratio.

FIG. 2 A cross-sectional view schematically showing an
example of alithium ion secondary battery according to a first
embodiment of the present invention.

MODE(S) FOR CARRYING OUT THE
INVENTION

Hereinafter, a positive electrode active material, a positive
electrode for an electrical device and an electrical device will
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be discussed in detail. Furthermore, the positive electrode
active material of the present invention is suitably used as a
positive electrode active material for a lithium ion secondary
battery that serves as an electric device, for example. There-
fore, explanations of a positive electrode for an electric device
and an electric device relating to a first embodiment of the
present invention will be made by citing a positive electrode
for a lithium ion secondary battery and a lithium ion second-
ary battery as respective examples.

First of all, a positive electrode active material according to
a first embodiment of the present invention will specifically
be discussed.

A positive electrode active material of the present embodi-
ment is a positive electrode active material containing a solid
solution lithium-containing transition metal oxide (A) and a
lithium-containing transition metal oxide (B).

The solid solution lithium-containing transition metal
oxide (A) contained in the positive electrode active material
of'the present embodiment is represented by a compositional
formula (1).

Li, 5[Ni,CoMn,[Li];]O3 (6]

(In the formula (1), Li is lithium, Ni is nickel, Co is cobalt,
Mn is manganese and O represents oxygen whilea, b, cand d
satisfy the relations of 0.2=a=<0.7, 0<b<0.7, 0<c<l1.15,
0.15=d=<0.4, a+b+c+d=1.5, 1.1=a+b+c=1.35, and O<b/a<l.)

Additionally, the solid solution lithium-containing transi-
tion metal oxide (A) contained in the positive electrode active
material of the present embodiment has: a layered structure
portion that changes into a spinel structure by performing
charge or charge-discharge within an electric potential range
of not less than 4.3V and not more than 4.8V; and a layered
structure portion that does not change.

Furthermore, the solid solution lithium-containing transi-
tion metal oxide (A) contained in the positive electrode active
material of the present embodiment has a spinel structure
change ratio of not smaller than 0.25 and smaller than 1.0
when the spinel structure change ratio in the case where all of
Li,MnOj in the changeable layered structure portion change
into LiMn,O, (the spinel structure) is one.

In addition, the lithium-containing transition metal oxide
(B) contained in the positive electrode active material of the
present embodiment is represented by the compositional for-
mula (2).

Li; oNi,Co,Mn, O, )

(In the formula (2), Li is lithium, Ni is nickel, Co is cobalt,
Mn is manganese and O represents oxygen while a', b' and ¢'
satisfy the relations of 0<a'<1.0, 0<b'<1.0, 0<c'<1.0, and
a'+b'+c=1.0.)

Furthermore, the lithium-containing transition metal oxide
(B) contained in the positive electrode active material of the
present embodiment has a layered structure portion that does
not change into the spinel structure by performing charge or
charge-discharge within an electric potential range of not less
than 4.3V and not more than 4.8V.

Such a positive electrode active material can achieve excel-
lent discharge operation voltage and initial rate characteris-
tics when used in a lithium ion secondary battery, while
maintaining a high discharge capacity. Therefore, it is suit-
ably used in a positive electrode for a lithium ion secondary
battery and in a lithium ion secondary battery. Moreover, such
a positive electrode active material exhibits a high capacity
maintenance ratio within an electric potential range of not
less than 3.0V and not inure than 4.5V in particular. As a
result, it can be suitably used as a lithium ion secondary
battery for use in a drive power supply or an auxiliary power
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supply of a vehicle. In addition to this, it is fully applicable to
lithium ion secondary batteries for home use or for portable
devices.

Incidentally, the term “charge” refers to an operation for
increasing the potential difference between the electrodes
continuously or stepwise. Meanwhile, the term “charge-dis-
charge” refers to an operation for decreasing the potential
difference between the electrodes continuously or stepwise
after the operation for increasing the potential difference
between the electrodes continuously or stepwise, or an opera-
tion for appropriately repeating these operations.

In the compositional formula (1) of the solid solution
lithium-containing transition metal oxide (A), ifa, b, cand d
do not satisfy the relations of 0.2=a=<0.7, 0<b<0.7, 0<c<1.15,
0.15=d=<0.4, a+b+c+d=1.5, 1.1=a+b+c=<1.35, and O<b/a<l,
the structure in the solid solution lithium-containing transi-
tion metal oxide (A) containing excess nickel does not
become stable. Furthermore, if the solid solution lithium-
containing transition metal oxide (A) has neither the layered
structure portion changeable into the spinel structure by per-
forming charge or charge-discharge within an electric poten-
tial range of not less than 4.3V and not more than 4.8V northe
non-changeable layered structure portion, high discharge
capacity and capacity maintenance ratio are not obtained.
More specifically, it is important to expose the solid solution
lithium-containing transition metal oxide (A) to a potential
plateau section of around 4.5V or more one or more times.

Furthermore, in the case where the spinel structure change
ratio in the solid solution lithium-containing transition metal
oxide (A) never reaches 1.0, or rather smaller than 0.25, none
of high discharge capacity, high capacity maintenance ratio
and excellent initial rate characteristics cannot be accom-
plished.

By the way, the present invention defines the term “a spinel
structure change ratio” as a ratio of Li,MnO; (the layered
structure in the solid solution lithium-containing transition
metal oxide (A)) being changed into LiMn,O, (the spinel
structure in the same) by performing charge or charge-dis-
charge within a certain electric potential range, and defines
the spinel structure change ratio obtained in the case where all
of Li,MnO; (the layered structure in the solid solution
lithium-containing transition metal oxide (A)) change into
LiMn, 0O, (the spinel structure) as one. More specifically, the
ratio is defined by the following equation.

[Spinel structure change ratio(K)] =

(Actual capacity of ]
plateau region
[ Theoretical capacity(Vs)

. i X Composition ratio (x) of
derived from Li,MnOj in ]

X
(LizMnO3 in solid solution

solid solution

The definition of “the spinel structure change ratio” will be
discussed by citing as an example a case as shown in FIG. 1in
which a battery assembled using a positive electrode contain-
ing the solid solution lithium-containing transition metal
oxide (A) as the positive electrode active material passes
through an initial state (A) of before starting charge, a charged
state (B) of having been charged to 4.5V, a plateau region, an
overcharged state (C) of having been charged to 4.8V, and a
discharged state (D) which is discharged to 2.0V. The “actual
capacity of the plateau region” in the above equation can be
obtained by measuring the actual capacity of the plateau
region (more specifically, a region from 4.5V to 4.8V (the
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actual capacity Vg within a region BC of from the charged
state (B) to the overcharged state (C); i.e. the real capacity of
the plateau region), the region resulting from the change of
the crystal structure) in FIG. 1.

Further, in practice, in the solid solution lithium-contain-
ing transition metal oxide (A) represented by the composi-
tional formula (1), the actual capacity V , ; within a region AB
of from the initial state (A) to the charged state (B) that has
been charged to 4.5V corresponds to the composition (y) and
the theoretical capacity (V) of LIMO, serving as the layered
structure portion while the actual capacity Vg within a
region BC of from the charged state (B) that has been charged
to 4.5V to the overcharged state (C) that has been charged to
4.8V corresponds to the composition ratio (x) and the theo-
retical capacity (Vs) of Li,MnO; serving as the spinel struc-
ture portion; hence an actual capacity (V ;) measured from the
initial state (A) up to a certain plateau region can be defined as
V=V z+Vz-where V =y(V;) and V5 =x(Vs)K, so that it
is also possible to calculate the spinel structure change ratio
by using the following equation (where M represents at least
one kind selected from the group consisting of nickel (Ni),
cobalt (Co) and manganese (Mn)).

( Spinel structure]
change ratio(K) B

measured up to

[ Actual capacity(V7)

plateau region

(V) derived from (y) of LiMO;, in

Theoretical capacity
[ solid solution

Composition ratio
X

LiMO, in solid solution
[ Theoretical capacity

Composition ratio
(Vs) derived from x| (x) of Li,MnOs in

solid solution

Li;MnOs3 in solid solution

In addition, “the composition ratio of Li,MnOj in the solid
solution can be calculated from the compositional formula of
the solid solution lithium-containing transition metal oxide
(A). The presence or absence of the layered structure portion
and the spinel structure portion in the solid solution lithium-
containing transition metal oxide (A) can be determined by
X-ray diffraction analysis (XRD) and by the presence of
specific peaks in the layered structure and the spinel structure,
and the ratio thereof can be determined from the measure-
ment and calculation of the capacity as described above.

Moreover, in the compositional formula (1) of the solid
solution lithium-containing transition metal oxide (A) con-
tained in the positive electrode active material of the present
embodiment, it is preferable that a, b, ¢ and d satisfy the
relations of 0.45=<a<0.7, 0<b<0.7, 0<c<0.90, 0.15=d<0.25,
a+b+c+d=1.5, 1.25<a+b+c<1.35, and O<b/a<l.

A positive electrode active material containing the thus
obtained solid solution lithium-containing transition metal
oxide (A) can achieve excellent discharge operation voltage
and initial rate characteristics while maintaining a higher
discharge capacity.

Additionally, the solid solution lithium-containing transi-
tion metal oxide (A) contained in the positive electrode active
material of the present embodiment preferably has a BET
specific surface area of not smaller than 0.8 m*/g and not
larger than 10.0 m*/g, a 50% passing particle diameter of not
more than 20 pm, and a primary particle diameter of not
smaller than 30 nm and not larger than 200 nm.
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6

Within the above-mentioned range, it becomes possible to
achieve excellent discharge operation voltage and initial rate
characteristics while maintaining high discharge capacity,
capacity maintenance ratio and initial charge-discharge effi-
ciency. For example, in the case where the BET specific
surface area is smaller than 0.8 m*/g, the diffusion of lithium
ions from the bulk of the crystal structure is so lowered that a
high initial charge-discharge efficiency and excellent initial
rate characteristics are sometimes not achieved. Meanwhile,
in the case where the BET specific surface area is larger than
10.0 m*/g and the 50% passing particle diameter exceeds 20
um, the capacity maintenance ratio is sometimes lowered.
Furthermore, in the case where the primary particle diameter
is smaller than 30 nm or larger than 200 nm, a high discharge
capacity may sometimes not be kept.

Then, a method for producing the solid solution lithium-
containing transition metal oxide (A) contained in the posi-
tive electrode active material according to the first embodi-
ment of the present invention will be discussed in detail by
citing some examples.

As an example of a method of producing a precursor of the
solid solution lithium-containing transition metal oxide (A),
it is possible to cite a production method that employs car-
bonate method (composite carbonate process). First, in use of
sulfates, nitrates or the like of nickel (Ni), cobalt (Co) and
manganese (Mn) as starting materials, predetermined
amounts are weighed to prepare a mixed solution thereof.
Then, aqueous ammonia is added dropwise to the mixed
solution until pH 7 and thereafter an aqueous solution of
sodium carbonate (Na,CO,) is added dropwise thereto,
thereby precipitating a composite carbonate of Ni—Co—Mn
(While dropping the Na,CO; aqueous solution, the mixed
solution is kept at pH 7 with ammonia water), followed by
suction filtration, rinsing with water, drying and provisional
calcination. Drying may be performed in the air under a
drying condition of 100 to 150° C. for about 2 to 10 hours (for
example, at 120° C. for 5 hours) but it is not limited to the
above-mentioned range. Provisional calcination may be per-
formed in the air under a provisional calcination condition of
360 to 600° C. for 3 to 10 hours (for example, at 500° C. for
5 hours) but it is not limited to the above-mentioned range.
Furthermore, a slightly excessive amount of lithium hydrox-
ide (LiOH.H,0) was added to a product that had undergone
provisional calcination, and mixed. Thereafter, a main calci-
nation is conducted thereby obtaining a precursor of the solid
solution lithium-containing transition metal oxide (A). The
precursor is preferably subjected to rapid cooling after the
main calcination by using liquid nitrogen because it is pref-
erable to perform quenching after the main calcination by
using liquid nitrogen and the like for ensuring the reactivity
and cycle stability. For example, the main calcination may be
carried out in the air at a calcination temperature of 700 to
1000° C. (e.g. 800 to 900° C.) for about 3 to 20 hours (e.g. 12
hours).

The solid solution lithium-containing transition metal
oxide (A) may be obtained by conducting an oxidation treat-
ment on the precursor. It is possible to cite oxidation treat-
ments such as (1) charge or charge-discharge within a certain
electric potential range, more specifically, charge or charge-
discharge from a low potential region not causing the first
significant change in the crystal structure of the solid solution
lithium-containing transition metal oxide, (2) oxidation by
using an oxidizing agent (e.g. halogen such as bromine and
chlorine) corresponding to charge, and (3) oxidation by using
a redox mediator.

For a method of the oxidation treatment (1) which is a
relatively simple and convenience method among the above-
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mentioned oxidation treatments (1) to (3), a charge or charge-
discharge performed in the state of having constructed a bat-
tery or in the configuration of an electrode or equivalent
electrodes in such a manner as not to exceed the maximal
predetermined potential is effective (i.e. a treatment prior to
charge-discharge, in which electric potential is regulated).
With this, high discharge capacity and capacity maintenance
ratio may be achieved. Therefore, a positive electrode for a
lithium ion secondary battery and a lithium ion secondary
battery are suitably used.

In a method for the treatment prior to charge-discharge
where electric potential is regulated, it is preferable to per-
form 1 to 30 cycles of charge-discharge under the conditions
where the maximal electric potential within a predetermined
range with respect to lithium metal counter electrode (the
upper limit potential in charge-discharge, converted into
lithium metal or lithium metal) is not less than 4.3V and not
more than 4.8V. Itis more preferable to perform 1to 30 cycles
of'charge-discharge under the conditions of not less than 4.4V
and not more than 4.6V. By carrying out the oxidation treat-
ment by charge-discharge within the above-mentioned range,
it is possible to achieve high discharge capacity and capacity
maintenance ratio. Particularly in the case of conducting
charge or charge-discharge with the maximal electric poten-
tial of' about 4.8V in order to achieve a high capacity after the
above-mentioned oxidation treatment (the treatment prior to
charge-discharge where electric potential is regulated), it
becomes possible to effectively keep a great capacity main-
tenance ratio. In this case, the upper limit potential is prefer-
ably increased gradually (or stepwise) after performing
charge-discharge at a certain initial upper limit potential,
from the viewpoint of improvement of the capacity mainte-
nance ratio. Incidentally, the potential converted into lithium
metal or lithium metal corresponds to a potential relative to
the potential that lithium metal indicates in an electrolyte
solution in which 1 mol/L of lithium ion is dissolved.

Additionally, it is preferable to increase the maximal elec-
tric potential within a predetermined range for charge-dis-
charge stepwise after performing 1 to 30 cycles of charge-
discharge within the predetermined range with respect to
lithium metal counter electrode. In particular, by gradually
increasing the maximal electric potential of charge-discharge
electric potential for oxidation treatment when capacity at
high potential like 4.7 V, 4.8 V vs. Li is used (use of high
capacity), durability of an electrode can be improved even for
a short-term oxidation treatment (i.e., the treatment prior to
charge-discharge).

The number of cycles required for charge-discharge at each
step is not specifically limited when the maximal electric
potential (upper limit potential) within a certain electric
potential range for charge-discharge is gradually increased.
However, the range of 1 to 10 cycles is effective. Furthermore,
the number of total cycles of charge-discharge for oxidation
treatment (i.e., sum of the cycles that are required for charge-
discharge at each step) is not specifically limited when the
maximal electric potential (upper limit potential) within a
certain electric potential range for charge-discharge is gradu-
ally increased. However, the range of 4 to 20 cycles is effec-
tive.

The increase amount (elevation value) of electric potential
of each step is not specifically limited when the maximal
electric potential (upper limit potential) within a certain elec-
tric potential range for charge-discharge is gradually
increased. However, 0.05V to 0.1 V is effective.

The ultimate maximal electric potential (maximal electric
potential at the end) for gradually increasing the maximal
electric potential (upper limit potential) within a certain elec-
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tric potential range for charge-discharge is effective for the
range 4.6 V to 4.9 V. However, it is not limited to the above
range, and the oxidation treatment (the treatment prior to
charge-discharge where electric potential is regulated) can be
carried out at even higher maximal electric potential at the
end only if the effect described above is obtained.

The minimal electric potential within a certain electric
potential range is not specifically limited, and preferably 2 V
or more but less than 3.5 V, and more preferably 2 V or more
but less than 3 V with respect to the lithium metal counter
electrode. By performing the oxidation treatment of charge or
charge-discharge (the treatment prior to charge-discharge
where electric potential is regulated) within the above range,
high discharge capacity and good capacity maintenance ratio
can be achieved. Meanwhile, the electric potential (V) for
charge-discharge represents an electric potential per unit bat-
tery (unit cell).

Temperature of the electrode (material) for charge-dis-
charge as the oxidation treatment (i.e., a charge-discharge
electrochemical pre-treatment with controlled electric poten-
tial) can arbitrarily be selected from the range in which the
working effect of the invention is not impaired. From the
economic point of view, it is preferably carried out at room
temperature which does not require any particular heating or
cooling. Meanwhile, from the viewpoint of exhibiting higher
capacity and improving the capacity maintenance ratio by
short-term charge-discharge treatment, it is preferably carried
out at the temperature which is higher than room temperature.

The process (timing) for applying the oxidation treatment
(i.e., a charge-discharge electrochemical pre-treatment with
controlled electric potential) is not particularly limited. For
example, the oxidation treatment can be performed in the
state of having constructed a battery or in the configuration of
an electrode or equivalent electrodes, as discussed above.
Specifically, it can be applied for the positive electrode active
material in powder state, or, after constituting an electrode, or
after constituting a battery by assembling with a negative
electrode. In the application to a battery, the oxidation treat-
ment (i.e., a charge-discharge electrochemical pre-treatment
with controlled electric potential) can be carried out by apply-
ing a certain condition by considering an electric potential
profile of the electric capacity of a negative electrode to be
assembled.

An application after constituting a battery is favored over
anapplication to each electrode or electrode-like constitution,
since only one oxidation treatment would be enough for oxi-
dation of many electrodes. Meanwhile, an application to each
electrode or electrode-like constitution is favorable in that not
only the conditions such as oxidation potential can be easily
controlled but also only little variation in oxidation level can
occur in each electrode as compared to a case in which a
battery has been constituted.

The oxidizing agent used for the above oxidation treatment
(2) is not specifically limited, and examples thereof include a
halogen such as bromine and chlorine. The oxidizing agent
may be used either singly or in combination. The oxidation
with the use of an oxidizing agent can be carried out, for
example, by dispersing particles of a solid solution in a sol-
vent that doesn’t dissolve the solid solution lithium-contain-
ing transition metal oxide, and adding and dissolving the
oxidizing agent in the dispersion to achieve gradual oxida-
tion.

In the compositional formula (2) of the lithium-containing
transition metal oxide (B), if a', b' and ¢' do not satisty the
relations of 0<a'<1.0, 0<b'<1.0, 0<c'<1.0 and a'+b'+c'=1.0,
the lithium-containing transition metal oxide (B) cannot take
on the layered structure.
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Also in the case where the lithium-containing transition
metal oxide (B) does not have the layered structure portion
that cannot change into the spinel structure even by perform-
ing charge or charge-discharge within an electric potential
range of not less than 4.3V and not more than 4.8V, the
layered structure in the lithium-containing transition metal
oxide (B) does not become stable.

Additionally, the lithium-containing transition metal oxide
(B) contained in the positive electrode active material of the
present embodiment preferably has a BET specific surface
area of not smaller than 0.2 m*/g and not larger than 3.0 m*/g
and a 50% passing particle diameter of not more than 20 pm.

Within the above-mentioned range, it becomes possible to
achieve excellent discharge operation voltage and initial rate
characteristics while maintaining higher discharge capacity
and charge-discharge efficiency. For example, in the case
where the BET specific surface area is smaller than 0.2 m*/g,
the diffusion of lithium ions from the bulk of the crystal
structure is so lowered that a high initial charge-discharge
efficiency and excellent initial rate characteristics are some-
times not achieved.

Meanwhile, in the case where the BET specific surface area
is larger than 3.0 m*/g and the 50% passing particle diameter
exceeds 20 um, the capacity maintenance ratio is sometimes
lowered.

Furthermore, in the positive electrode active material of the
present embodiment, it is preferable that the solid solution
lithium-containing transition metal oxide (A) and the lithium-
containing transition metal oxide (B) satisfy the following
relational expression (3) and satisfy the following relational
expression (4).

0.50=Mp/(M_+Mp)<1.00 3)

0.755Mp/(M_+Mp)<1.00 )

(In the formulas (3) and (4), M, represents the mass of the
solid solution lithium-containing transition metal oxide (A)
and M, represents the mass of the lithium-containing transi-
tion metal oxide (B).)

Within the above-mentioned range, it becomes possible to
achieve excellent discharge operation voltage and initial rate
characteristics while maintaining more higher discharge
capacity. In addition to this, the initial charge-discharge effi-
ciency may also become favorable.

Then, a positive electrode for a lithium ion secondary bat-
tery and a lithium ion secondary battery, according to the first
embodiment of the present invention will be discussed in
derail with reference to the accompanying drawings. The
dimensional ratio in the drawings, cited in the following
embodiment is exaggerated for the sake of explanation, and
therefore it may be different from real ratio.

FIG. 2 is a cross-sectional view schematically showing an
example of a lithium ion secondary battery according to the
first embodiment of the present invention. Incidentally, the
lithium ion secondary battery as shown therein is referred to
as a laminate-type lithium ion secondary battery.

As shown in FIG. 2, the lithium ion secondary battery 1 of
this embodiment has a structure where a battery element 10 to
which a positive electrode lead 21 and a negative electrode
lead 22 are connected is sealed in the inside of an exterior
body 30 formed with laminate films. In this embodiment, the
positive electrode lead 21 and the negative electrode lead 22
are provided projecting from the inside of the exterior body
30 toward the outside thereof in a direction opposite to each
other. The positive electrode lead and the negative electrode
lead may be provided projecting from the inside of the exte-
rior body toward the outside thereof in the same direction,

10

15

20

25

30

35

40

45

50

55

60

65

10

though not illustrated. The positive electrode lead and the
negative electrode lead may be attached to the undermen-
tioned positive electrode collector and negative electrode col-
lector by ultrasonic welding or resistance welding, for
example.

The positive electrode lead 21 and the negative electrode
lead 22 are formed of a metal material such as aluminum (Al),
copper (Cu), titanium (T1), nickel (Ni), an alloy thereof and
stainless steel (SUS). However, the material is not limited to
these examples, and a conventionally known material used in
a lead for use in a lithium ion secondary battery can be used.

Materials used for the positive electrode lead and the nega-
tive electrode lead may be either the same or different. More-
over, leads having been prepared separately may be con-
nected to the undermentioned positive electrode collector and
negative electrode collector, or each of the undermentioned
positive electrode collector and negative electrode collector
may be elongated to form a lead. Though not illustrated, the
positive electrode lead and the negative electrode lead are
preferably coated with a heat-resistant, insulative and heat-
shrinkable tube or the like at their portions projecting outward
from the exterior body, in order not to cause leakage when
contacting with peripheral devices, wiring and the like
thereby affecting a product (for example, automobile parts,
electronic device in particular).

Furthermore, it is also possible to use a collector plate for
the purpose of taking an electric current outside the battery,
though not illustrated. The collector plate is electrically con-
nected to the collector or the lead and therefore excluded from
the laminated film serving as the exterior body of the battery.
A material for constituting the collector plate is not particu-
larly limited and therefore a publically known highly conduc-
tive material that has conventionally been used as a collector
plate for use in the lithium ion secondary battery can be
employed. Preferable examples of the material for constitut-
ing the collector plate are metal materials such as aluminum
(Al), copper (Cu), titanium (T1), nickel (N1), an alloy thereof
and stainless steel (SUS). From the viewpoint of weight
reduction, corrosion resistance and high electrical conductiv-
ity, aluminum (Al), copper (Cu) and the like are more pref-
erable. Incidentally, the positive and negative collector plates
may be formed of either the same material or a different
material.

For example, the exterior body 30 is preferably one formed
of a film-like exterior material from the viewpoint of reduc-
tion in size and weight; however, the material thereof is not
limited to the above and a conventionally known material that
has been used for the exterior body for use in the lithium ion
secondary battery can be employed. More specifically, it is
also possible to apply a metal can casing.

For example, a polymer-metal composite laminate film
that is excellent in thermal conductivity can be cited because
it is superior in enhancement of output characteristics and
cooling performance and it can be suitably utilized for a
battery for use in large devices such as electric vehicles and
hybrid electric vehicles. More concretely, an exterior body
formed with a laminate film exterior material having a three-
layer structure where polypropylene as a thermo-compressed
layer, aluminum as a metal layer and nylon as an exterior
protective layer are laminated in this order may suitably be
used.

Incidentally, the exterior body may have other structure
such as a laminate film not containing a metal material, a
polymer film formed of polypropylene etc. and a metal film,
instead of the above-mentioned laminate film.

A general constitution of the exterior body may be repre-
sented by a laminate structure expressed by “exterior protec-
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tive layer/metal layer/thermo-compressed layer” (however,
the exterior protective layer and the thermo-compressed layer
are sometimes composed of two or more layers). The metal
layer is required only to function as a moisture permeation
resistant barrier film and therefore not only an aluminum foil
but also a stainless foil, a nickel foil, a plated iron foil and the
like are usable. Of these, the aluminum foil which is thin,
lightweight and excellent in workability is preferably used.

A configuration usable in the exterior body, which is rep-
resented by an expression “exterior protective layer/metal
layer/thermo-compressed layer”, is exemplified by nylon/
aluminum/non-oriented polypropylene, polyethylene tereph-
thalate/aluminum/non-oriented polypropylene, polyethylene
terephthalate/aluminum/polyethylene terephthalate/non-ori-
ented polypropylene, polyethylene terephthalate/nylon/alu-
minum/non-oriented polypropylene, polyethylene terephtha-
late/nylon/aluminum/nylon/non-oriented  polypropylene,
polyethylene terephthalate/nylon/aluminum/nylon/polyeth-
ylene, nylon/polyethylene/aluminuny/straight-chained low-
density polyethylene, polyethylene terephthalate/polyethyl-
ene/aluminum/polyethylene terephthalate/low-density
polyethylene, and polyethylene terephthalate/nylon/alumi-
nunylow-density polyethylene/non-oriented polypropylene.

As shown in FIG. 2, the battery element 10 has a constitu-
tion where a positive electrode 11 including a positive elec-
trode active material layers 11B formed on both main sur-
faces of a positive electrode collector 11A, an electrolyte
layer 13, and a negative electrode 12 including a negative
electrode active material layers 12B formed on both main
surfaces of a negative electrode collector 12A are laminated
two or more times. In this constitution, the positive electrode
active material layer 11B formed on one of the main surfaces
of the positive electrode collector 11A of the positive elec-
trode 11 is provided to face to the negative electrode active
material layer 12B adjacent to the positive electrode 11 and
formed on one of the main surfaces of the negative electrode
collector 12A of the negative electrode 12, through the elec-
trolyte layer 13. Thus, the positive electrode, the electrolyte
layer and the negative electrode are laminated in this order
two or more times.

In such a manner, the electrolyte layer 13 and the positive
and negative electrode active material layers 11B, 12B adja-
cent thereto establish one unit cell layer 14. The lithium ion
secondary battery 1 of the present embodiment is provided to
have a constitution where two or more unit cell layers 14 are
laminated to be electrically connected in parallel. Inciden-
tally, the positive and negative electrodes may be provided
such that each active material layer is formed on one of the
main surfaces of each collector. In the present embodiment,
for example, the negative electrode active material layer 12B
is formed only on one surface of'a negative electrode collector
12a provided as an outermost layer of the battery element 10.

Moreover, it is also possible to provide an insulating layer
at the periphery of the unit cell layer, the insulating layer
being for insulating the adjacent positive and negative elec-
trode collectors from each other, though not shown. The
insulating layer is preferably formed of a material capable of
holding an electrolyte contained in the electrolyte layer and
the like and capable of preventing leakage of the electrolyte at
the periphery of the unit cell layer. Concretely, a general-
purpose plastics and thermoplastic olefin rubbers such as
polypropylene (PP), polyethylene (PE), polyurethane (PUR),
polyamide-based resin (PA), polytetrafluoroethylene
(PTFE), polyvinylidene fluoride (PVDF) and polystyrene
(PS) are usable. Additionally, a silicone rubber is usable too.

The positive electrode collector 11A and the negative elec-
trode collector 12A are formed of an electrically conductive
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material. The size of the collector can be determined accord-
ing to an intended use of the battery. For example, if the
collector is used in a large battery required to have a high
energy density, a large-area collector is to be employed. The
thickness of the collector is also not particularly limited.
Normally, the thickness of the collector is about 1 to 100 um.
The shape of the collector is also not particularly limited. In
the battery element 10 as shown in FIG. 2, a collector foil, a
grid-shaped collector (e.g. an expanded grid) etc. are usable.

Incidentally, in the case of forming a thin film alloy (one
example of the negative electrode active material) directly on
the negative electrode collector 12A by spattering etc., the
collector foil is preferably employed.

A material for constituting the collector is not particularly
limited. For example, it is possible to adopt a metal, an elec-
trically conductive polymer material, and a resin obtained by
adding an electrically conductive filler to a non-conductive
polymer material.

Concrete examples of the metal are aluminum (Al), nickel
(N1), iron (Fe), stainless steel (SUS), titanium (Ti) and copper
(Cu). In addition to these examples, a clad material of nickel
(Ni) and aluminum (Al), a clad material of copper (Cu) and
aluminum (Al), a plating material of combination of these
metals are preferably used. Moreover, a foil obtained by
coating a surface of metal with aluminum (Al) is also usable.
Of these, aluminum (Al), stainless steel (SUS), copper (Cu)
and nickel (Ni) are preferable from the viewpoint of electron
conductivity, battery operating potential and the like.

Furthermore, as the electrically conductive polymer mate-
rial, it is possible to cite polyaniline, polypyrrole, poly-
thiophene, polyacetylene, polyparaphenylene, polyphenyle-
nevinylene, polyacrylonitrile, polyoxadiazole etc. These
electrically conductive polymer materials have a sufficient
electrical conductivity even if the electrically conductive
filler is not added, and therefore favorable in terms of facili-
tation of manufacturing processes and weight reduction of the
collector.

Examples of the non-conductive polymer material include
polyethylene (PE) (e.g. high-density polyethylene (HDPE)
and low-density polyethylene (LDPE)), polypropylene (PP),
polyethylene terephthalate (PET), polyether nitrile (PEN),
polyimide (PI), polyamide imide (PAD, polyamide (PA),
polytetrafluoroethylene (PTFE), styrene-butadiene rubber
(SBR), polyacrylonitrile (PAN), polymethyl acrylate (PMA),
polymethyl methacrylate (PMMA), polyvinyl chloride
(PVC), polyvinylidene fluoride (PVDF) and polystyrene
(PS). These non-conductive polymer materials have high
potential tolerance and solvent tolerance.

To the above-mentioned electrically conductive polymer
material or the non-conductive polymer material, an electri-
cally conductive filler may be added as needed. Particularly in
the case where aresin that serves as a substrate of the collector
is formed only of a non-conductive polymer, the electrically
conductive filler becomes necessarily essential in order to
impart electrical conductivity to the resin. The electrically
conductive filler can be used with no particular limitation so
long as it is a material having electrical conductivity.
Examples of a material excellent in electrical conductivity,
potential tolerance and lithium ion blocking property include
a metal, an electrically conductive carbon and the like.

Preferable examples of the metal are at least one kind of
metal selected from the group consisting of nickel (Ni), tita-
nium (Ti), aluminum (Al), copper (Cu), platinum (Pt), iron
(Fe), chromium (Cr), tin (Sn), zinc (Zn), indium (In), anti-
mony (Sb) and potassium (K) and an alloy or metal oxide
containing these metals.



US 9,306,211 B2

13

Furthermore, as preferable examples of the electrically
conductive carbon, it is possible to cite at least one kind
selected from the group consisting of acetylene black, Vul-
can, Black Pearls, carbon nanofiber, Ketjenblack, carbon
nanotube, carbon nanohorn, carbon nanoballoon and
fullerene. The amount of the electrically conductive filler to
be added is not particularly limited so long as it is enough to
impart a sufficient electrical conductivity to the collector. In
general, the amount is about 5 to 35 mass %.

However, the electrically conductive filler is not limited to
the above, and more specifically, a conventionally known
material having been used as a collector for use in the lithium
ion secondary battery may be used.

The positive electrode active material layer 11B contains a
positive electrode active material relating to the above-men-
tioned first embodiment of the present invention, as a positive
electrode active material. It may further contain a binder and
a conductive additive.

The binder is not particularly limited but exemplified by
the following materials.

It is possible to cite: thermoplastic resin such as polyeth-
ylene (PE), polypropylene (PP), polyethylene terephthalate
(PET), polyether nitrile (PEN), polyacrylonitrile (PAN),
polyimide (PI), polyamide (PA), cellulose, carboxymethyl
cellulose (CMC), ethylene-vinyl acetate copolymer, polyvi-
nyl chloride (PVC), styrene-butadiene rubber (SBR), iso-
prene rubber, butadiene rubber, ethylene-propylene rubber,
ethylene-propylene-diene copolymer, styrene-butadiene-sty-
rene block copolymer and the same to which hydrogen is
added, and styrene-isoprene-styrene block copolymer and the
same to which hydrogen is added; fluorine resin such as
polyvinylidene fluoride (PVDF), polytetrafluoroethylene
(PTFE), tetrafluoroethylene-hexafluoropropylene copolymer
(FEP), tetrafluoroethylene-pertluoroalkylvinylether copoly-
mer (PFA), ethylene-tetrafluoroethylene copolymer (ETFE),
polychlorotrifluoroethylene (PCTFE), ethylene-chlorotrif-
Iuoroethylene copolymer (ECTFE) and polyvinyl fluoride
(PVF); vinylidene fluoride-based fluororubber such as
vinylidene  fluoride-hexafluoropropylene  fluororubber
(VDF-HFP fluororubber), vinylidene fluoride-hexafluoro-
propylene-tetrafluoroethylene fluororubber (VDF-HFP-TFE
fluororubber), vinylidene fluoride-pentafluoropropylene
fluororubber (VDF-PFP fluororubber), vinylidene fluoride-
pentafluoropropylene-tetrafluoroethylene fluororubber
(VDF-PFP-TFE fluororubber), vinylidene fluoride-perfiuo-
romethylvinylether-tetrafluoroethylene fluororubber (VDEF-
PFMVE-TFE fluororubber) and vinylidene fluoride-chlorot-
rifluoroethylene fluororubber (VDF-CTFE fluororubber);
and epoxy resin. Of these, polyvinylidene fluoride, polyim-
ide, styrene-butadiene rubber, carboxymethyl cellulose,
polypropylene, polytetrafiuoroethylene, polyacrylonitrile
and polyamide are more preferable. These preferable binders
have a good heat resistance and quite a wide potential window
and so stable with respect to both positive electrode potential
and negative electrode potential as to be able to be used for
either of the positive and negative electrode active material
layers.

However, the binder is not limited to the above, and more
specifically, a publically known material that has convention-
ally been used as a binder for use in the lithium ion secondary
battery may be used. These binders may be used either singly
or in combination of two or more kinds.

The amount of the binder contained in the positive elec-
trode active material layer is not particularly limited so long
as it is enough to bind the positive electrode active material;
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however, it is preferably 0.5 to 15 mass %, more preferably 1
to 10 mass % relative to the positive electrode active material
layer.

The conductive additive is added for improving the elec-
trical conductivity of the positive electrode active material
layer. Examples of the conductive additive include carbon
materials such as carbon black (e.g. acetylene black), graphite
and vapor-phase growth carbon fibers. When the positive
electrode active material layer contains the conductive addi-
tive, an electron network is effectively constructed inside the
positive electrode active material layer thereby probably con-
tributing to enhancement of the output characteristics of the
battery.

However, the conductive additive is not limited to these
examples, and more specifically, a conventionally known
material that has been used as a conductive additive for use in
the lithium ion secondary battery may be used. These con-
ductive additives may be used either singly or in combination
of two or more kinds.

It is also possible to use an electrically conductive binder
that functions as both the conductive additive and the binder
instead of these conductive additives and the binders, and
additionally, the electrically conductive binder may be used
together with either or both of the conductive additive and the
binder. As the electrically conductive binder, TAB-2 that has
already commercially been available from Hohsen Corp. is
applicable, for example.

Additionally, the density of the positive electrode active
material layer is preferably not lower than 2.5 g/cm® and not
higher than 3.0 g/cm®. When the positive electrode active
material layer has a density of lower than 2.5 g/em?, it is
difficult to improve the discharge capacity since the weight
(the loading weight) per unit volume cannot be enhanced.
Meanwhile, in the case where the positive electrode active
material layer has a density of higher than 3.0 g/cm?, the
amount of airspace in the positive electrode active material
layer is considerably decreased so as to sometimes reduce the
permeability of a nonaqueous electrolyte solution and the
diffusion of lithium ions.

The negative electrode active material layer 12B contains
lithium, a lithium alloy or a negative electrode material
capable of absorbing and releasing the lithium, as the negative
electrode active material. It may further contain a binder and
a conductive additive as necessary. As the binder and the
conductive additive, the above-mentioned examples are
usable.

Examples of the negative electrode material capable of
absorbing and releasing lithium include: carbon materials
(including those containing 10 mass % or less silicon nano-
particles) like high crystalline carbon graphite (natural graph-
ite, artificial graphite or the like), low crystalline carbon (soft
carbon and hard carbon), carbon black (Ketjen Black, acety-
lene black, channel black, lamp black, oil furnace black,
thermal black or the like), fullerene, carbon nanotube, carbon
nanofiber, carbon nanohorn, and carbon fibrils; a single body
element which can form an alloy with lithium such as silicon
(Si), germanium (Ge), tin (Sn), lead (Pb), aluminum (Al),
indium (In), zinc (Zn), hydrogen (H), calcium (Ca), strontium
(Sr), barium (Ba), ruthenium (Ru), rhodium (Rh), iridium
(Ir), palladium (Pd), platinum (Pt), silver (Ag), gold (Au),
cadmium (Cd), mercury (Hg), gallium (Ga), thallium (Ti),
carbon (C), nitrogen (N), antimony (Sb), bismuth (B1), oxy-
gen (O), sulfur (S), selenium (Se), tellurium (Te), and chlo-
rine (Cl), oxides containing these elements (silicon monoox-
ide (810), Si0O, (0<x<2), tin dioxide (SnO,), SnO, (0<x<2),
SnSiO; or the like), and carbides containing these elements
(silicon carbide (SiC) or the like); a metal material such as
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lithium metal; and a lithium-transition metal composite oxide
such as lithium-titanium composite oxide (lithium titanate:
Li,Ti50,,). However, the negative electrode material is not
limited to the above examples, and more specifically, a con-
ventionally known material that has been used as a negative
electrode active material for use in the lithium ion secondary
battery may be used. The negative electrode active material
may be may be used either singly or in combination of two or
more kinds.

In this embodiment, it is preferable that the carbon material
is formed of graphite coated at its surface with a non-crystal-
line carbon layer and not having a scale-like structure and that
the carbon material has a BET specific surface area of not
smaller than 0.8 m*/g and not larger than 1.5 m*/g and a tap
density of not lower than 0.9 g/cm® and not higher than 1.2
g/cm®. The carbon material formed of graphite coated at its
surface with a non-crystalline carbon layer and not having a
scale-like structure is preferable because it achieves a high
diffusion of lithium ions into a layered structure of graphite.
A carbon material having a BET specific surface area of not
smaller than 0.8 m*/g and not larger than 1.5 m*/g is prefer-
able since the capacity maintenance ratio can be more
improved. Furthermore, a carbon material having a tap den-
sity of not lower than 0.9 g/cm?® and not higher than 1.2 g/cm’
allows improving the weight (the loading weight) per unit
volume thereby enhancing the discharge capacity.

In this embodiment, it is preferable that the negative elec-
trode active material layer containing at least the carbon
material and the binder has a BET specific surface area of not
smaller than 2.0 m*/g and not larger than 3.0 m*/g. If the
negative electrode active material layer has a BET specific
surface area of not smaller than 2.0 m*/g and not larger than
3.0 m?/g, the permeability of a nonaqueous electrolyte solu-
tion can be improved and the capacity maintenance ratio is
also improved thereby suppressing a gas generation caused
by decomposition of the nonaqueous electrolyte solution.

Additionally, in this embodiment, the negative electrode
active material layer containing at least the carbon material
and the binder preferably has a BET specific surface area of
not smaller than 2.01 m*/g and not larger than 3.5 m*/g after
being subjected to pressure forming. When the negative elec-
trode active material layer has a BET specific surface area of
not smaller than 2.01 m*/g and not larger than 3.5 m*/g after
being subjected to pressure forming, the permeability of a
nonaqueous electrolyte solution can be improved and the
capacity maintenance ratio is also improved thereby sup-
pressing a gas generation caused by decomposition of the
nonaqueous electrolyte solution.

Furthermore, in this embodiment, it is preferable that an
increase amount of the BET specific surface area of the nega-
tive electrode active material layer containing at least the
carbon material and the binder, between before and after
pressure forming, is not smaller than 0.01 m*/g and not larger
than 0.5 m*/g. With this, the negative electrode active material
layer obtains a BET specific surface area of not smaller than
2.01 m*gandnot larger than 3.5 m*/g after being subjected to
pressure forming, so that the permeability of a nonaqueous
electrolyte solution can be improved and the capacity main-
tenance ratio is also improved thereby suppressing a gas
generation caused by decomposition of the nonaqueous elec-
trolyte solution.

The thickness of each active material layer (an active mate-
rial layer disposed on one surface of the collector) is not
particularly limited and therefore it is possible to refer to a
conventional knowledge about batteries. For example, the
thickness of each active material layer is normally about 1 to
500 um, preferably 2 to 100 um, considering an intended use
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(an output-oriented use, an energy-oriented use or the like) of
the battery and the ion conductivity.

If particle diameters suitable for obtaining the effects
unique to each active material are different, particle diameters
suitable for obtaining the effects unique to each active mate-
rial may be used in combination; therefore it is not necessary
to uniformalize particle diameters of all active materials.

For example, in the case of using a particle-form oxide as
the positive electrode active material, the average particle
diameter of the oxide is required only to be nearly equal to the
average particle diameter of the positive electrode active
material contained in an already-existing positive electrode
active material layer and therefore not particularly limited.
From the viewpoint of enhancement of output characteristics,
the average particle diameter is required only to be 1 to 20 um.
In this specification, the term “particle diameter” refers to the
maximal distance between any two points on the contour of
an observed surface of an active material particle observed by
using an observing means such as the scanning electron
microscope (SEM) and the transmission electron microscope
(TEM). As a value of “an average particle diameter”, there is
adopted one calculated with an observing means such as the
scanning electron microscope (SEM) and the transmission
electron microscope (TEM) as an average value of particle
diameters of particles observed in several to several tens of
fields of view. The particle diameter and the average particle
diameter of other component may similarly be defined.

However, the average particle diameter is not particularly
limited to the above-mentioned range, and more specifically,
it will be understood that an average particle diameter outside
this range may be acceptable so long as the working effect of
the present embodiment develops effectually.

The electrolyte layer 13 can be exemplified by: one form-
ing a layered structure by letting the undermentioned separa-
tor hold an electrolyte solution, a polymer gel electrolyte or a
solid polymer electrolyte; one forming a laminated structure
by using the polymer gel electrolyte or the solid polymer
electrolyte and the like.

The electrolyte solution is preferably one ordinarily used in
the lithium ion secondary battery, and more specifically, it
takes the form of supporting salts (lithium salts) being dis-
solved in an organic solvent. Examples of the lithium salts
include at least one kind of lithium salt selected from inor-
ganic acid anionic salts such as lithium hexafluorophosphate
(LiPFy), lithium tetrafluoroborate (LiBF,), lithium perchlor-
ate (LiClO,), lithium hexafluoroarsenate (LiAsFy), lithium
hexafluorotantalate (LiTaF), lithium tetrachloroaluminate
(LiAICl,) and lithium decachlorodecaborate (Li,B,,Cl,,),
and organic acid anionic salts such as lithium trifluo-
romethanesulphonate  (LiCF;S0;), lithium bis(trifluo-
romethanesulphonyl)imide (Li(CF;S0,),N) and Lithium bis
(pentafluoroethanesulfonyl)imide (Li(C,FsSO,),N). Of
these examples, lithium hexafluorophosphate (LiPFy) is pref-
erable. Moreover, as an organic solvent, it is possible to use at
least one kind of organic solvent selected from the group
consisting of cyclic carbonates, fluorine-containing cyclic
carbonates, chain carbonates, fluorine-containing chain car-
bonates, aliphatic carboxylate esters, fluorine-containing ali-
phatic carboxylate esters, y-lactones, fluorine-containing
y-butyrolactone, cyclic ethers, fluorine-containing cyclic
ethers, chain ethers and fluorine-containing chain ethers.
Examples of the cyclic carbonates are propylene carbonate
(PC), ethylene carbonate (EC) and butylene carbonate (BC).
Additionally, examples of the fluorine-containing cyclic car-
bonates include fluoroethylene carbonate (FEC). Examples
of the chain carbonates are dimethyl carbonate (DMC),
diethyl carbonate (DEC), ethyl methyl carbonate (EMC),
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methyl propyl carbonate (MPC), ethyl propyl carbonate
(EPC) and dipropyl carbonate (DPC). Examples of the ali-
phatic carboxylate esters include methyl formate, methyl
acetate and ethyl propionate. Examples of the y-lactones
include y-butyrolactone. Examples of the cyclic ethers
include tetrahydrofuran, 2-methyltetrahydrofuran and 1,4-
dioxane. Examples of the chain ethers include 1,2-ethoxy-
ethane (DEE), ethoxymethoxyethane (EME), diethyl ether,
1,2-dimethoxyethane and 1,2-dibutoxyethane. In addition, it
is also possible to cite nitriles such as acetonitrile and amides
such as dimethylformamide. These organic solvents may be
used singly or in combination of two or more kinds.

To the electrolyte solution, there may be added an additive
exemplified by organic sulfone-based compound such as sul-
tone derivative and cyclic sulfonate ester, organic disulfone-
based compound such as disultone derivative and cyclic dis-
ulfonate ester, vinylene carbonate derivative, ethylene
carbonate derivative, ester derivative, divalent phenol deriva-
tive, ethylene glycol derivative, terphenyl derivative and
phosphate derivative. These additives can form a coating on
the surface of the negative electrode active material thereby
reducing a gas generation caused in the battery and allowing
an improvement of the capacity maintenance ratio.

Examples of the organic sulfone-based compound include
1,3-propane sulfone (saturated sultone) and 1,3-propene sul-
tone (unsaturated sultone). Examples of the organic disul-
fone-based compound include methylene methanedisul-
fonate. Examples of the vinylene carbonate derivative include
vinylene carbonate (VC). Examples of the ethylene carbonate
derivative include fluoroethylene carbonate (FEC). Examples
of the ester derivative include 4-biphenylyl acetate, 4-biphe-
nylyl benzoate, 4-biphenylylbenzil carboxylate and 2-biphe-
nylyl propionate. Examples of the divalent phenol derivative
include 1,4-diphenoxybenzene and 1,3-diphenoxybenzene.
Examples of the ethylene glycol derivative include 1,2-diphe-
noxyethane, 1-(4-biphenylyloxy)-2-phenoxyethane and
1-(2-biphenylyloxy)-phenoxyethane. Examples of the ter-
phenyl derivative include o-terphenyl, m-terphenyl, p-terphe-
nyl, 2-methyl-o-terphenyl and 2,2-dimethyl-o-terphenyl.
Examples of the phosphate derivative include triphenyl phos-
phate.

The separator is concretely in the form of a microporous
film, a porous flat plate or a nonwoven formed of polyolefin
such as polyethylene (PE) and polypropylene (PP).

The polymer gel electrolyte can be exemplified by one
containing a polymer and an electrolyte solution (compo-
nents of the polymer gel electrolyte) at a conventionally
known ratio. For example, the content of the polymer and the
electrolyte solution is preferably several mass % to about 98
mass % from the viewpoint of the ion conductivity.

The polymer gel electrolyte is obtained such that the elec-
trolyte solution used in a general lithium ion secondary bat-
tery contains a solid polymer electrolyte having ion conduc-
tivity. However, the polymer gel electrolyte is not limited to
the above and exemplified by one where a polymer having no
lithium ion conductivity holds the same electrolyte solution
in its structure.

The polymer having no lithium ion conductivity, usable in
the polymer gel electrolyte is exemplified by polyvinylidene
fluoride (PVDF), polyvinyl chloride (PVC), polyacrylonitrile
(PAN) and polymethyl methacrylate (PMMA) but not limited
to these examples. Though polyacrylonitrile (PAN) and poly-
methyl methacrylate (PMMA) can be said to be a polymer
having ion conductivity because these are rather classified
into a group having little ion conductivity, this specification
cites those as a polymer having no lithium ion conductivity
and usable in the polymer gel electrolyte.
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Examples of the solid polymer electrolyte include one not
containing an organic solvent while having a constitution
established by dissolving the lithium salts into polyethylene
oxide (PEO), polypropylene oxide (PPO) etc. Accordingly, in
the case where the electrolyte layer is composed of the solid
polymer electrolyte, there is no fear of liquid leakage from the
battery and the reliability of the battery can be improved.

From the viewpoint of reduction of internal resistance, a
thinner electrolyte layer is preferable. The thickness thereofis
ordinarily 1 to 100 um, preferably 5 to 50 um.

A matrix polymer for the polymer gel electrolyte and the
solid polymer electrolyte can exhibit high mechanical
strength when a cross-linked structure is formed. The cross-
linked structure may be formed in such a manner that a
polymerizable polymer used for polymer electrolyte forma-
tion (for example, polyethylene oxide (PEO) and polypropy-
lene oxide (PPO)) is subjected to a polymerization treatment
such as thermal polymerization, ultraviolet polymerization,
radiation polymerization and electron beam polymerization,
by use of an appropriate polymerization initiator.

Then, a method for producing the lithium ion secondary
battery according to the above-mentioned embodiment will
be discussed with reference to some examples.

An example of the method for producing the lithium ion
secondary battery will be discussed. First of all, a positive
electrode is produced. For example, in the case of using a
granular positive electrode active material, the positive elec-
trode active material is mixed with a conductive additive, a
binder and a viscosity adjusting solvent as needed thereby
preparing a slurry for the positive electrode.

The slurry for the positive electrode is thereafter applied to
a positive electrode collector, dried and then subjected to
pressure forming, thereby forming a positive electrode active
material layer.

Then, a negative electrode is produced. For example, in the
case of using a granular negative electrode active material, the
negative electrode active material is mixed with a conductive
additive, a binder and a viscosity adjusting solvent as needed
thereby preparing a slurry for the negative electrode. There-
after, the slurry for the negative electrode is applied to a
negative electrode collector, dried and then subjected to pres-
sure forming, thereby forming a negative electrode active
material layer.

Subsequently, a positive electrode lead is attached to the
positive electrode while a negative electrode lead is attached
to the negative electrode, followed by laminating the positive
electrode, a separator and the negative electrode. The lami-
nated product is sandwiched between polymer-metal com-
posite laminate sheets and then their peripheral edge portions
are heat-sealed with the exception of one side to obtain a
bag-like exterior body.

Then, a nonaqueous electrolyte solution containing a
lithium salt such as lithium hexafluorophosphate and an
organic solvent such as ethylene carbonate is prepared and
then poured into the inside of the exterior body from the
opening thereof, followed by heat-sealing the opening of the
exterior body. Thus a laminate-type lithium ion secondary
battery is completed.

Another example of the method of producing the lithium
ion secondary battery will be discussed. First of all, a positive
electrode is produced. For example, in the case of using a
granular positive electrode active material, a precursor of the
above-mentioned solid solution lithium-containing transition
metal oxide is mixed with a conductive additive, a binder and
a viscosity adjusting solvent as needed thereby preparing a
slurry for the positive electrode.
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The slurry for the positive electrode is thereafter applied to
a positive electrode collector, dried and then subjected to
pressure forming, thereby forming a positive electrode active
material layer.

Then, a negative electrode is produced. For example, in the
case of using a granular negative electrode active material, the
negative electrode active material is mixed with a conductive
additive, a binder and a viscosity adjusting solvent as needed
thereby preparing a slurry for the negative electrode. There-
after, the slurry for the negative electrode is applied to a
negative electrode collector, dried and then subjected to pres-
sure forming, thereby forming a negative electrode active
material layer.

Subsequently, a positive electrode lead is attached to the
positive electrode while a negative electrode lead is attached
to the negative electrode, followed by laminating the positive
electrode, a separator and the negative electrode. The lami-
nated product is sandwiched between polymer-metal com-
posite laminate sheets and then their peripheral edge portions
are heat-sealed with the exception of one side to obtain a
bag-like exterior body.

Then, a nonaqueous electrolyte solution containing a
lithium salt such as lithium hexafluorophosphate and an
organic solvent such as ethylene carbonate is prepared and
then poured into the inside of the exterior body from the
opening thereof, followed by heat-sealing the opening of the
exterior body. Furthermore, a predetermined charge or
charge-discharge as mentioned above is conducted. Thus a
laminate-type lithium ion secondary battery is completed.

EXAMPLES

Hereinafter, the present invention will more specifically be
discussed with reference to Examples and Comparative
Examples.

Example 1

Synthesis of Solid Solution Lithium-Containing
Transition Metal Oxide (A1)

A solid solution lithium-containing transition metal oxide
(A1) was synthesized according to composite carbonate pro-
cess. Sulfates of nickel (Ni), cobalt (Co) and manganese (Mn)
were used as starting materials to prepare a 2 mol/L. sulfate
aqueous solution. A 2 mol/L. sodium carbonate aqueous solu-
tion was used as a precipitant and a 0.2 mol/L aqueous ammo-
nia was used as a pH adjusting agent.

While stirring the composite sulfate aqueous solution by a
magnetic stirrer, the sodium carbonate aqueous solution was
added dropwise thereto, thereby precipitating a precursor.
Then suction filtration was conducted and precipitated sub-
stances deposited on a filter paper were dried, thereby obtain-
ing a precursor of a composite hydroxide.

Thereafter, the thus obtained precursor and lithium carbon-
ate were pulverized and mixed at a certain molar ratio, fol-
lowed by provisional calcination at 500° C. and 12 to 24 hours
of' main calcination in air at 800 to 1000° C., thereby obtain-
ing a target compound.

<Synthesis of Lithium-Containing Transition Metal Oxide
B)>

A lithium-containing transition metal oxide (B) was syn-
thesized according to hydroxide coprecipitation method. Sul-
fates of nickel (Ni), cobalt (Co) and manganese (Mn) were
used as starting materials to prepare a2 mol/L sulfate aqueous
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solution. A 2 mol/LL sodium hydroxide aqueous solution was
used as a precipitant and a 0.2 mol/LL aqueous ammonia was
used as a pH adjusting agent.

While stirring the composite sulfate aqueous solution by a
magnetic stirrer, the sodium hydroxide aqueous solution was
added dropwise thereto, thereby precipitating a precursor.
Then suction filtration was conducted and precipitated sub-
stances deposited on a filter paper were dried, thereby obtain-
ing a precursor of a composite hydroxide.

Thereafter, the thus obtained precursor and lithium carbon-
ate were pulverized and mixed at a certain molar ratio, fol-
lowed by provisional calcination at 500° C. and 12 hours of
main calcination in air at 900° C., thereby obtaining a target
compound.

<Composition of Solid Solution Lithium-Containing Tran-
sition Metal Oxide (Al)>

Compositional Formula: Li; 5[Nig 4,Cog 15sMng 73[Li]

0.20]O3(a+b+c+d=1.5,d=0.20,a+b+c=1.30,b/
@=0.357)

<Composition of Lithium-Containing Transition Metal
Oxide (B)>

Compositional Formula: Li[Ni; ,3Co,,;Mn,3]O05(a+b+
c=1.0)

<Composition of Slurry for Positive Electrode>

Positive Electrode Active Material:

Solid solution lithium-containing transition metal
oxide (Al)

Lithium-containing transition metal oxide (B)
Conductive Additive:

75 parts by mass

25 parts by mass

Scale-like graphite
Acetylene black
Binder:

2.0 parts by mass
3.5 parts by mass

Polyvinylidene fluoride (PVDF)
Solvent:

5.5 parts by mass

N-methylpyrrolidone (NMP) 74 parts by mass

<Production of Slurry for Positive Electrode>

A binder solution was produced by dissolving 5.5 parts by
mass of a binder in 49.5 parts by mass of NMP. Then, 55.0
parts by mass of the binder solution was added to a powdery
mixture of 5.5 parts by mass of a conductive additive and 100
parts by mass of a positive electrode active material and
kneaded by using a planetary mixer (available from PRIMIX
Corporation under the trade name of HIVIS MIX Model
2P-03), followed by adding 24.5 parts by mass of NMP to the
kneaded substance, thereby obtaining a slurry for a positive
electrode (solid content: 60 mass %).

<Application and Drying of Slurry for Positive Electrode>

The thus obtained slurry for a positive electrode was
applied onto one surface of a collector formed with an alu-
minum foil having a thickness of 20 um, by using a bar coater.
The collector to which the slurry for a positive electrode was
applied was dried on a hot plate at 120 to 130° C. for 10
minutes so that the amount of NMP that remained in the
positive electrode active material layer was adjusted to 0.02
mass % or lower.

<Press of Positive Electrode>

The thus obtained sheet-like positive electrode was sub-
jected to press forming by a roll press machine and then cut a
positive electrode (C1) out thereof, the positive electrode
(C1) having on its one surface the positive electrode active
material layer with a weight of about 3.5 mg/cm?, a thickness
of about 50 um and a density of 2.70 g/cm®.
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<Drying of Positive Electrode>

In the use of the positive electrode (C1), drying treatment
was performed in a vacuum drying oven. After placing the
positive electrode (C1) inside the drying oven, pressure was
reduced to 100 mmHg (1.33x10* Pa) at room temperature
(25° C.) thereby removing air from the inside of the drying
oven. Then the drying oven was increased in temperature at
10° C./min. up to 120° C. while feeding nitrogen gas (at 100
cm>/min). When reaching a temperature of 120° C., pressure
was reduced again to exhaust nitrogen gas from the oven and
this state was kept for 12 hours. Thereafter, the temperature
was decreased to room temperature thereby obtaining a posi-
tive electrode (C11).

<Production of Lithium Ion Secondary Battery> 15

10

The positive electrode (C11) produced in Example 1 was
punched to have a diameter of 15 mm and then dried again for
2 hours at 100° C. by vacuum drying machine before produc-
tion of a battery so as to be put to use. Additionally, a porous
film formed of propylene, a coin cell member and the like 20
were used upon being dried for 24 hours or more at room
temperature in a glove box in argon atmosphere.

In the glove box filled with argon atmosphere, the positive
electrode and a negative electrode formed of metal lithium
were disposed to face to each other, and two separators (Mate-
rial: polypropylene, Thickness: 20 um) were disposed ther-
ebetween.

25
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<FElectrochemical Pre-Treatment>

Charge was performed according to constant current/con-
stant voltage (CCCV) method where the battery was charged
at a rate of' 0.1 C until its maximal voltage reached 4.2V and
then kept for about 24 hours, while discharge was performed
according to constant current discharge (CC) method where
the battery was discharged at a rate of 1.0 C until its minimal
voltage reached 2.5V.

Subsequently, as shown in Table 1, there were carried out:
two constant current charge-discharge cycles of charging at a
rate of 0.1 C until the maximal voltage reached 4.5V and then
discharging at a rate of 0.1 C until the minimal voltage
reached 2.0V; one constant current charge-discharge cycle of
charging at a rate of 0.1 C until the maximal voltage reached
4.6V and then discharging at a rate 0of 0.1 C until the minimal
voltage reached 2.0V; one constant current charge-discharge
cycle of charging at a rate of 0.1 C until the maximal voltage
reached 4.7V and then discharging at a rate 0f 0.1 C until the
minimal voltage reached 2.0V; one constant current charge-
discharge cycle of charging at arate of 0.1 C until the maximal
voltage reached 4.8V and then discharging at a rate 0f 0.1 C
until the minimal voltage reached 2.0V; and one cycle of
performing a constant current/constant voltage-charge at a
rate of 0.1 C until the maximal voltage reached 4.8V and then
performing a constant current-discharge at a rate of 0.1 C until
the minimal voltage reached 2.0V. Any of these cycles were
operated at room temperature. Thus, a lithium ion secondary
battery of this Example was obtained.

TABLE 1
Upper Limit Lower Limit Number of
State Voltage Voltage Current Rate Time Mode Repetition
Pattern (—) W) W) © W () (Time)
1 Charge 4.5 0.1 15 CC 2
Discharge 2.0 0.1 15 CC
2 Charge 4.6 0.1 15 CC 1
Discharge 2.0 0.1 15 CC
3 Charge 4.7 0.1 15 CC 1
Discharge 2.0 0.1 15 CC
4 Charge 4.8 0.1 15 CC 1
Discharge 2.0 0.1 15 CC
5 Charge 4.8 0.1 15 CCccv 1
Discharge 2.0 0.1 15 CC
Subsequently, the thus obtained laminate of the negative Example 2

electrode, the separators and the positive electrode was dis- 45
posed on a bottom side of a coin cell (CR2032, Material:
stainless steel (SUS316)).

Furthermore, a gasket for maintaining the insulation
between the positive and negative electrodes was attached
thereto. The undermentioned electrolyte solution in an 50
amount of 150 ulL was poured by using a syringe. A spring and
a spacer were laminated and a top side of the coin cell was
superimposed thereon, followed by sealing it by swaging,
thereby producing a lithium ion secondary battery.

As the electrolyte solution, there was used one obtained by 55
dissolving lithium hexafluorophosphate (LiPF ) as a support-
ing salt into an organic solvent where ethylene carbonate
(EC) and diethyl carbonate (DEC) were mixed at a ratio of
EC:DEC=1:2 (volume ratio) so that the lithium hexafluoro-
phosphate had a concentration of 1 mol/L. There was no 60
addition of a peculiar additive and the like to the electrolyte
solution.

The above-mentioned battery element was set to a jig for
attaching an evaluation cell while a positive electrode lead
and a negative electrode lead were attached respectively to 65
end portions of tabs of the battery element, upon which evalu-
ations were conducted.

The procedures of Example 1 were repeated with the
exception that in the composition of the slurry for a positive
electrode the solid solution lithium-containing transition
metal oxide (Al) was changed to 50 parts by mass and the
lithium-containing transition metal oxide (B) was changed to
50 parts by mass, thereby obtaining a lithium ion secondary
battery of this Example.

Example 3

The procedures of Example 1 were repeated with the
exception that in the composition of the slurry for a positive
electrode the solid solution lithium-containing transition
metal oxide (Al) was changed to 25 parts by mass and the
lithium-containing transition metal oxide (B) was changed to
75 parts by mass, thereby obtaining a lithium ion secondary
battery of this Example.
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Example 4

Synthesis of Solid Solution Lithium-Containing
Transition Metal Oxide (A2)

A solid solution lithium-containing transition metal oxide
(A2) was synthesized according to composite carbonate pro-
cess. Sulfates of nickel (Ni), cobalt (Co) and manganese (Mn)
were used as starting materials to prepare a 2 mol/L. sulfate
aqueous solution. A 2 mol/L. sodium carbonate aqueous solu-
tion was used as a precipitant and a 0.2 mol/L aqueous ammo-
nia was used as a pH adjusting agent.

While stirring the composite sulfate aqueous solution by a
magnetic stirrer, the sodium carbonate aqueous solution was
added dropwise thereto, thereby precipitating a precursor.
Then suction filtration was conducted and precipitated sub-
stances deposited on a filter paper were dried, thereby obtain-
ing a precursor of a composite hydroxide.

Thereafter, the thus obtained precursor and lithium carbon-
ate were pulverized and mixed at a certain molar ratio, fol-
lowed by provisional calcination at 500° C. and 12 to 24 hours
of' main calcination in air at 800 to 1000° C., thereby obtain-
ing a target compound.

<Composition of Solid Solution Lithium-Containing Tran-
sition Metal Oxide (A2)>

Compositional Formula: Li, 5
[Nig 4375C0g 175Mng 7375[Lilo 1 5]O3(a+b+c+
d=1.5,d=0.15,a+b+c=1.35,b/a=0.4)

The procedures of Example 1 were repeated with the
exception that in the composition of the slurry for a positive
electrode the solid solution lithium-containing transition
metal oxide (A2) was 75 parts by mass and the lithium-
containing transition metal oxide (B) was 75 parts by mass,
thereby obtaining a lithium ion secondary battery of this
Example.

Example 5

The procedures of Example 1 were repeated with the
exception that in the composition of the slurry for a positive
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electrode the solid solution lithium-containing transition
metal oxide (A2) was changed to 50 parts by mass and the
lithium-containing transition metal oxide (B) was changed to
50 parts by mass, thereby obtaining a lithium ion secondary
battery of this Example.

Example 6

The procedures of Example 1 were repeated with the
exception that in the composition of the slurry for a positive
electrode the solid solution lithium-containing transition
metal oxide (A2) was changed to 25 parts by mass and the
lithium-containing transition metal oxide (B) was changed to
75 parts by mass, thereby obtaining a lithium ion secondary
battery of this Example.

Comparative Example 1

The procedures of Example 1 were repeated with the
exception that in the composition of the slurry for a positive
electrode the solid solution lithium-containing transition
metal oxide (A1) was changed to 100 parts by mass, thereby
obtaining a lithium ion secondary battery of this Example.

Comparative Example 2

The procedures of Example 1 were repeated with the
exception that in the composition of the slurry for a positive
electrode the solid solution lithium-containing transition
metal oxide (A2) was changed to 100 parts by mass, thereby
obtaining a lithium ion secondary battery of this Example.

Comparative Example 3

The procedures of Example 1 were repeated with the
exception that in the composition of the slurry for a positive
electrode the lithium-containing transition metal oxide (B)
was changed to 100 parts by mass, thereby obtaining a lithium
ion secondary battery of this Example. Specifications of the
positive electrode active material of each of the above-men-
tioned Examples are shown in Table 2.

TABLE 2

Positive Electrode Active Material

Solid solution lithium-containing
transition metal oxide (A)

Lithium-containing
transition metal oxide (B)

50% 50%

Spinel BET passing BET passing
structure  specific  particle Primary specific  particle
change  surface diameter  particle surface  diameter Mp/
Kind ratioK area (D50) diameter Content area (D50) Content (M4 +Mjp)
=) =) (m%g)  (um) (um) ) (g  (um) (%) =)
Example 1 Al 0.847 4.7 6.0 48 75 0.85 10.1 25 0.25
Example 2 Al 0.847 4.7 6.0 48 50 0.85 10.1 50 0.50
Example 3 Al 0.847 4.7 6.0 48 25 0.85 10.1 75 0.75
Example 4 A2 0.82 4.8 5.9 68 75 0.85 10.1 25 0.25
Example 5 A2 0.82 4.8 5.9 68 50 0.85 10.1 50 0.50
Example 6 A2 0.82 4.8 5.9 68 25 0.85 10.1 75 0.75
Comparative Al 0.86 4.7 6.0 48 100 — — 0 0
Example 1
Comparative A2 0.84 4.8 5.9 68 100 — — 0 0
Example 2
Comparative — — — — — 0 0.85 10.1 100 1

Example 3
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Rate characteristic

Discharge capacity (0.1 C) Charge-discharge efficiency ~ Average voltage (2.5C/0.1C)

(mAh/g) (%) (%)
Example 1 232.2% 63.2 3.74% 71.8%
Example 2 214.5 82.5% 3.78% 74.1%
Example 3 210.6* 82.4% 3.82% 73.3%
Example 4 220.1%* 82.4 3.73% 68.5%
Example 5 212.5 81.8% 3.76* 71.3%
Example 6 208.0%* 80.5 3.79% 73.4%
Comparative 235.5 84.3 3.61 62.2
Example 1
Comparative 227.2 83.3 3.71 64.1
Example 2
Comparative 198.3 80.1 3.83 74.5
Example 3

[Performance Evaluation]

(Discharge Capacity and Average Voltage of Battery)

On the lithium ion secondary battery of each of the above- 20
mentioned Examples, a cycle of performing a constant cur-
rent/constant voltage-charge at a rate of 0.1 C until the maxi-
mal voltage reached 4.8V and then performing a constant
current-discharge at a rate of 0.1 C until the minimal voltage
reached 2.0V was conducted two times, as shown in Table 3.
At this time, the discharge capacity and the average voltage of
the battery were measured and calculated. Incidentally, in the
present invention, a discharge operating voltage was evalu-
ated from the average voltage. The thus obtained results are
also shown in Table 2.

25

minimal voltage reached 2.0V; two cycles of performing a
constant current/constant voltage charge at a rate of 0.1 C
until the maximal voltage reached 4.8V and then performing
a constant current discharge at a rate of 0.1 C until the mini-
mal voltage reached 2.0V; two cycles of performing a con-
stant current/constant voltage charge at a rate of 0.1 C until
the maximal voltage reached 4.8V and then performing a
constant current discharge at a rate of 0.5 C until the minimal
voltage reached 2.0V; two cycles of performing a constant
current/constant voltage charge at a rate of 0.1 C until the
maximal voltage reached 4.8V and then performing a con-
stant current discharge at a rate of 1 C until the minimal
voltage reached 2.0V; two cycles of performing a constant

TABLE 3
Upper Limit Lower Limit Number of
State Voltage Voltage Current Rate Time Mode Repetition
Pattern (—) V) %2 © h) (—) (Times)
1 Charge 4.8 0.1 15 ccev 2
Discharge 2.0 0.1 15 CC
40

(Charge-Discharge Efficiency)

Moreover, on the lithium ion secondary battery of each of
the above-mentioned Examples, the charge capacity and the
discharge capacity in the electrochemical pre-treatment and
in the main charge-discharge cycle were calculated. A charge-

current/constant voltage charge at a rate of 0.1 C until the
maximal voltage reached 4.8V and then performing a con-
stant current discharge at a rate of 2.5 C until the minimal
voltage reached 2.0V; and two cycles of performing a con-

discharge efficiency was calculated from a ratio of discharge 45 stant cur.rent/constant voltage charge at a rate of 0.1 C.untll
capacity of the final discharge in the main charge-discharge the maximal voltage reached 4.8V and then performing a
cycle to the sum of a difference of charge capacity in the constant current discharge at a rate of 0.1 C until the minimal
charge-discharge cycle in the electrochemical pre-treatment, voltage reached 2.0V, as shown in Table 4. Any of these cycles
a difference of charge capacity m the main charge-discharge 5 were operated at room temperature. At this time, the dis-
cycle.: and the charge capacity n the final charge. The thus charge capacity of the battery in each rate was measured, and
obtained results are also shown in Table 2. . . . L
A the capacity maintenance ratio was calculated, and the initial
On the lithium ion secondary battery of each of the above- o .
mentioned Examples, there were conducted: two cycles of rate characteristic was calculated from the ratio of the capac-
performing a constant current/constant voltage at a rate of 0.1 ity maintenance ratio of the rate 2.5 C to the capacity main-
C until the maximal voltage reached 4.5V and then perform- 33 tenance ratio of the rate 0.1 C. The thus obtained results are
ing a constant current discharge at a rate of 0.1 C until the also shown in Table 2.
TABLE 4
Upper Limit Lower Limit Number of
State Voltage Voltage Current Rate Time Mode Repetition
Pattern (—) V) %2 © (h) (— (Times)
1 Charge 48 0.1 15 CCccv 2
Discharge 2.0 0.1 15 CC
2 Charge 48 0.1 15 CCccv 2
Discharge 2.0 0.5 15 CC
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TABLE 4-continued
Upper Limit Lower Limit Number of
State Voltage Voltage Current Rate Time Mode Repetition
Pattern (—) % ™ © W = (Times)
3 Charge 4.8 0.1 15 Cccev 2
Discharge 2.0 1.0 15 CC
4 Charge 4.8 0.1 15 Cccev 2
Discharge 2.0 2.5 15 CC
5 Charge 4.8 0.1 15 Cccev 2
Discharge 2.0 0.1 15 CC

It is confirmed from Table 2 that Examples 1 to 6 included
in the scope of the present invention can achieve excellent
discharge operating voltage and initial rate characteristic
while keeping high discharge capacity as compared with
Comparative Examples 1 to 3 not included in the present
invention. In particular, among the results as shown in Table
2, aresult accompanied with a symbol “*” represents a result
improved from the arithmetic average obtained according to
mixture ratios determined from the result of Comparative
Example 1 or 2 and the result of Comparative Example 3. At
the present time, it is conceivable that Example 3 and 5 are
particularly superior.

Examples 2, 3, 5 and 6 (in particular, Examples 3 and 6) can
achieve excellent discharge operating voltage and initial rate
characteristic while maintaining a high discharge capacity as
compared with Comparative Examples 1 to 3. This is consid-
ered because these satisfy the relational expressions (3) and
.

Additionally, the solid solution lithium-containing transi-
tion metal oxide (A) extracted by disassembling the lithium
ion secondary battery of each of the above-mentioned
Examples was confirmed to have a layered structure portion
and a spinel structure portion since peculiar peaks were rec-
ognized by X ray diffraction (XRD) at a layered structure and
a spinel structure. In addition, the lithium-containing transi-
tion metal oxide (B) extracted by disassembling the lithium
ion secondary battery of each of the above-mentioned
Examples was confirmed to have a layered structure portion
since a peculiar peak was recognized by X ray diffraction
(XRD) at a layered structure. Incidentally, the structures may
be confirmed also by electron diffraction analysis, and the
composition may be confirmed by inductively coupled
plasma (ICP), for example.

Though the present invention has been explained with ref-
erence to some embodiments and Examples, the present
invention is not limited to these and therefore modifications
and variations are acceptable within the scope of the present
invention.

More specifically, the above embodiments and Examples
cited a laminate-type battery or a coin-type battery as
examples of the lithium ion secondary battery; however,
examples of the lithium ion secondary battery are not limited
to these and therefore conventionally known forms or struc-
tures such as a sheet-type battery, a button-type battery and a
square or cylindrical can-type battery are also applicable.

Furthermore, the present invention can apply not only the
above-mentioned laminated type (a flat type) battery but also
conventionally known forms and structures such as a wound-
type (a cylindrical type) battery.

Furthermore, if considered from the viewpoint of an elec-
trical connection state (an electrode structure) in the lithium
ion secondary battery, the present invention can apply not
only the above-mentioned normal type (an internal parallel
connection type) battery but also conventionally known
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forms and structures such as a bipolar type (an internal series
connection type) battery. For reference sake, a battery ele-
ment in the bipolar battery has a multilaminated structure of:
a bipolar electrode wherein a negative electrode active mate-
rial layer is disposed on one surface of a collector and a
positive electrode active material layer is disposed on the
other surface of the collector; and an electrolyte layer.

Though the above-mentioned embodiments and Examples
have been explained by citing the lithium ion secondary bat-
tery as an example of an electric device, the present invention
is not limited to these and therefore applicable to a lithium ion
capacitor and the like.

The invention claimed is:

1. A positive electrode active material comprising:

a solid solution lithium-containing transition metal oxide

represented by a compositional formula:

Liy s [NiaCObMHc[Li]d]Os,
where Li is lithium, Ni is nickel, Co is cobalt, Mn is manga-

nese and O represents oxygen while a, b, ¢ and d satisfy the

following relational expressions:

0.2=a=0.7, (i)
0<b<0.7, (ii)
0<e<1.15, (iii)

0.15=d=0.4, (iv)

at+b+c+d=1.5,

™)

1.1=a+b+c=<1.35, (vi)
and
0<b/a<l; (vii)
and
a lithium-containing transition metal oxide represented by
a compositional formula:

Lij oNi,Co,Mn, O,

Li is lithium, Ni is nickel, Co is cobalt, Mn is manganese
and O is oxygen, and a', b' and ¢' satisfy the relations:

@

0<a’<1.0,

0<b’<1.0, (i)

0<e'<1.0, (iii)
and

a'+b'+c'=1.0. (iv)

2. The positive electrode active material as claimed in

claim 1, wherein the solid solution lithium-containing tran-

sition metal oxide and the lithium-containing transition metal
oxide satisty the following relational expression:

0.50=Mp/(M_+Mj)<1.00,
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where M, represents a mass of the solid solution lithium-
containing transition metal oxide and M represents a mass of
the lithium-containing transition metal oxide.

3. The positive electrode active material as claimed in
claim 1, wherein the solid solution lithium-containing tran-
sition metal oxide and the lithium-containing transition metal
oxide satisty the following relational expression:

0.755Mp/(M._+Mp)<1.00,

where M, represents a mass of the solid solution lithium-
containing transition metal oxide and M represents a mass of
the lithium-containing transition metal oxide.

4. The positive electrode active material as claimed in
claim 1, wherein a, b, ¢ and d the solid solution lithium-
containing transition metal oxide further satisfy the following

relational expression:
0.45<a<0.7, (viii)

0<b<0.7, (ix)

0<¢<0.90, (x)
0.15=d=0.25, (xi)
at+b+c+d=1.5,

(xii)

1.25=a+b+c=1.35, (xiii)
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and

0<b/a<l. (xiv)

5. The positive electrode active material as claimed in
claim 1, wherein:
the solid solution lithium-containing transition metal oxide
has a BET specific surface area of not smaller than 0.8
m?*/g and not larger than 10.0 m*/g;
the solid solution lithium-containing transition metal oxide
has a 50% passing particle diameter of not more than 20
um; and
the solid solution lithium-containing transition metal oxide
has a primary particle diameter of not smaller than 30 nm
and not larger than 200 nm.
6. The positive electrode active material as claimed in
claim 1, wherein:
the lithium-containing transition metal oxide has a BET
specific surface area of not smaller than 0.2 m*/g and not
larger than 3.0 m*/g; and
the lithium-containing transition metal oxide has a 50%
passing particle diameter of not more than 20 um.
7. A positive electrode for an electric device, comprising:
the positive electrode active material as claimed in claim 1.
8. An electric device comprising:
the positive electrode for an electric device, as claimed in
claim 7.
9. The electric device as claimed in claim 8, wherein the
electric device is a lithium ion secondary battery.
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